Microlenses are important components of optofluidics systems and their lab-on-a-chip applications. We report on liquid microlenses that can be in situ formed in microchannels in a single batch via pneumatic control. These microlenses have optical axes that are parallel to the substrate, and their focal length can be pneumatically tuned separately and independently. In addition, the microlenses can also be pneumatically removed individually and reformed on demand. The parameters affecting the profiles and optical properties of the microlenses, such as the pressure difference and gravity, were investigated by simulation. We then demonstrated the enhancement of fluorescence emission in a microfuidic channel using our microlenses to focus attenuated excitation laser beams into regions of interest in the channel. With the microlenses, the region with visible fluorescence response was enlarged by up to 13 times and the intensity of fluorescence emission was enhanced by up to 38 times, compared to the cases without the lenses.
Introduction
Optofluidics is a rapidly developing area that combines the advantages of microfluidics and optics [1] . Important applications of optofluidics include optofluidic dye lasers [2] , liquid-core/liquid-cladding waveguides [3] , and especially, lab-on-a-chip (LoC) systems [4] [5] [6] . Optofluidic LoC systems not only have many advantages inherited from their microfluidic attributes, such as portability, low-cost and low consumption of analytes and reagents, but also have advantages such as accuracy and remote controllability, inherited from their optic system aspects.
Microlenses, as one of the important components of optofluidic LoC systems, have been intensively investigated recently and utilized in many applications [7] [8] [9] [10] . Solidinterface microlenses have been integrated into microfluidic chips through photoresist reflow [11] , isotropic etching [12] , chemical synthesis [13] and self-assembly processes [14] .
However, these solid-interface microlenses are generally fixed in their shapes and thus not tunable in their focal lengths. For LoC applications, due to the requirements of compactness and versatility, tunable focal length of microlenses is not only an advantage, but also sometimes a necessity [15] . Tunable microlenses can be realized through various approaches, including reorientation of liquid crystals [16] , electrowetting [17] , mechanical actuation of polymeric materials [18] , hydraulic pressure [19] or mechanical pressure [20] , flow-rate-introduced shape change of the interface between two immiscible fluids [21] [22] [23] and self-adaptation to environmental parameters using responsive polymers [24] [25] [26] [27] . These liquid-based lenses also have additional advantages such as smoother lens surfaces. However, many of these tunable microlenses rely on costly/complicated fabrication processes, various functional materials and complicated external hydrodynamic control systems. Most of them are also difficult to be removed and reformed on Figure 1 . Schematic of the microfluidic setup for in situ formation of two microlenses. The widths of all microchannels were 1 mm except for the channel segments between junctions J2 and J3, and between J4 and J5, which were 0.75 mm. The depths of the channels were kept uniform at 250 μm.
demand. Moreover, most of these lenses have their optical axes perpendicular to the substrates (i.e. vertical lenses) so that other optical components involved (e.g., light sources and photodetectors) have to be laid out in different layers, which increases the difficulty in the integration and alignment of the components. Novel mechanical-wetting-based lenses have also been demonstrated [28, 29] with a relative low-cost and simple approach; however, the sizes of the lenses are relatively large (∼7 mm).
We previously reported cylindrical liquid microlenses that are in situ formed and integrated within microfluidics through the pneumatic manipulation of fluids inside microchannels. Such microlenses are formed via liquid-air interfaces of liquid droplets, which are pinned at T-shaped junctions of channels. Via pneumatic control, these microlenses can uniquely be repositioned, removed, and reformed at predetermined locations within microchannels on demand. Moreover, their focal lengths can be tuned in a large range, from several micrometers to infinity, along the microchannels parallel to the substrate [30, 31] .
To further extend our investigation on such pneumaticallycontrolled microlenses, we hereby report on in situ formed microlenses realized through an extended and improved fabrication and pneumatic control process. Compared to previously-reported single microlenses [30] , multiple lateral microlenses with different optical axes were formed in one batch. The focal length of each microlens can be pneumatically tuned separately and independently, thus being more flexible in applications. The microlenses also inherit the advantages such as large range of tuning, ability to be removed and reformed, smooth surface, simple fabrication process, and minimal requirement of external control systems once formed and sealed. More characterizations of the microlenses were performed, such as simulations of the focal length of the lenses as a result of the pneumatic tuning process, examination of the effect of gravity on the shape of the lenses and the optical properties of the microlenses. To further demonstrate their potential applications in LoC, we also demonstrated the enhancement of fluorescence excitation in microfluidic channels with the microlenses.
Formation, tuning, removal and reformation of the tunable liquid microlenses

Principles and structures
In a microfluidic channel network, the inner surfaces of the channels can be properly treated to form a hydrophobic monolayer, which is essential for the liquid-air interface to be perpendicular to both the top and bottom surfaces. Then, to form in situ tunable liquid microlenses, liquid droplets (here de-ionized, or DI, water) are pneumatically segmented from a static bulk fluid and then driven along the designated channels to desired T-shape junctions under controlled air pressure. Each of such droplets usually has two liquid-air interfaces, one of which would be pinned at the T-junction. This concept is depicted in figure 1 .
When a difference in air-pressure is applied to the droplet and equals the internal capillary pressure caused by the difference in curvature between the liquid-air interfaces of the droplet, the liquid-air interface at the junction could protrude out of the junction, and be pinned at the edgesi.e. it tends to form a convex meniscus. The shape of the other interface depends on the static contact angle of the liquid on the inner channel surface under homogeneous pneumatic pressure ( [31] , also see section 3.1). Thus, owning to the treated inner surfaces of the channels, it can be flat, forming a plano-convex cylindrical lens, or concave, forming a positive meniscus lens (with a larger radius of curvature than the convex surface). Such lenses have optical axes parallel to the substrate plane. Because of the 'pinning' effect at the junction, the curvature of the pinned liquid-air interface can be adjusted by varying the difference in the air pressure across the two liquid-air interfaces within a certain range.
Microfluidic system setup
As shown in figure 1 , middle section, to form a multiple microlenses, a channel network was designed comprising of a main channel and multiple air conduits (for tuning), with lens channels between them, where the droplets of the liquid microlenses resided. The main channel was the place for forming the DI water droplets and driving them towards the junctions; it also served as an air conduit in the tuning process (AC1). Therefore, it had two inlets, one for the bulk fluid (I0) and one (I1) for the air plug to cut the droplets at J1. The air conduits provided the pneumatic control path for the lenses, thus each of them had an inlet for air (I2 and I3). The junctions (J2 and J3, J4 and J5) between the main channel, the air conduits, and the lens channels served as the designated pinning positions for the lens droplets.
The volumes and flow rates of air or DI water injected to the channel networks were controlled by syringe pumps (270810C, Cole-Parmer, Vernon Hills, IL, USA), and the pressure in each air conduit was monitored by pressure sensors (142PC30D, Honeywell, Morristown, NJ, USA). The inlets of the microfluidic channel network (I0, I1, I2 and I3) were connected to the syringe pumps via vinyl tubings (1/32 inch inner diameter, 3/32 inch outer diameter, Cole-Parmer Vernon Hills, IL, USA). For two lenses, four syringe pumps and three pressure sensors were used to allow for individual and independent tuning of each lens. As the formation and tuning process of each microlens is de-coupled, it is highly possible to integrate multiple microlenses into an array. Each lens in the array would require one syringe pump and one pressure sensor. Hence, for an n-lens array, n+2 syringe pumps and n+1 pressure sensors (including the main channel) would be needed.
The dimensions of the channel network for two microlenses, as shown in figure 1 , are listed as follows. The width of all channels was 1 mm, except for that of the lens channels between J2 and J3, and between J4 and J5, which was 0.75mm. The distances between J1 and J2, J2 and J3, J3 and J4 and J4 and J5 were 2.5, 1, 3 and 1 mm, respectively. The depths of the channels were kept uniform at 250 μm. DI water (dyed in green for easy observation) was prepared in a syringe and delivered though I0, while air was also kept in syringes and infused or withdrawn through I1, I2 and I3. The outlet of each air conduit was also connected to a waste reservoir through a controlling valve. Each inlet or outlet had a valve (inlet valves IV0, IV1, IV2, IV3 and valves V1, V2 and V3). The pressure 
Fabrication of microfluidic channels
The microchannel network was fabricated through a singlemask liquid-phase photopolymerization (LP 3 ) process without the need for a clean room [32] [33] [34] . The photosensitive prepolymer solution used to form the channels was isobornyl acrylate (IBA). The solution consisted of three constituents in the following ratios: 31.66: 1.66: 1.0-monomer-IBA, crosslinker-tetraethylene glycol dimethacrylate (SigmaAldrich, Inc., St. Louis, MO) and photoinitiator-2,2-dimethoxy-2-phenylacetophenone (Sigma-Aldrich, Inc., St. Louis, MO).
As shown in figure 2 (a), a chamber was created by attaching a polymer fluidic cartridge (Grace Bio-Labs, Bend, OR, USA) onto a pre-cleaned glass slide. The depth of the chamber was 250 μm. The inlets and outlets of the device (1.2 mm in diameter) were previously drilled on the cartridge with a mechanical driller. To improve the adhesion between the cartridge and the glass, the device was baked on a hot plate at 50
• C for 5 min. Then, the IBA-based prepolymer was flowed into the chamber and degassed for 10 min to remove bubbles. Afterwards, the microchannels were patterned inside the chamber by exposing it under an ultraviolet (UV) light (A4000, EXFO, Mississauga, Ontario, Canada) with an intensity of 7.8 mW cm −2 for 24s, using a single photo mask film (Imagesetter Inc., Madison, WI, USA) (figure 2(b)). The device was then developed in a bath of ethanol for 100s, into the microchannels through an inlet and filled the whole channel for 3 min. After that, a peristaltic pump was used to flush away the solution, followed by flushing with a massive amount of isopropanol and drying. Thus, a self-assembled monomer hydrophobic layer was formed on the top surface, bottom surface and sidewalls of the channels, as shown in figure 2(e). Compared to our previously reported fabrication approach, this modified process has several advantages. Instead of creating the chamber with two hard glass slides, the use of the flexible polymer cartridge greatly improved the adhesion between the cross-linked IBA and the inner top surface of the chamber, thus improving the air tightness of the fabricated device. Instead of using a massive amount of methanol to flush away the OTS/ hexadecane solution, we used a peristaltic pump to exhaust the solution first, thus preventing the contact of alcohol with hexadecane phase, which might cause the alcohol self-association phenomenon [35] , forming aggregates that clog the microscale channels. Figure 3 shows the formation process of two liquid microlenses. At the beginning, all inlet valves (IV0, IV1, IV2 and IV3) and V1 were open, while V2 and V3 were closed. As a result, the initial air pressure in the channels was set at P 0 = 1 atm. A bulk fluid (DI water, dyed green) was injected through I0 (figure 3(a)) with a flow rate of 5 μL min −1 . After the fluid passed junction J1, the air pressure in air conduit AC1 was gradually increased in steps of 10 Pa, by periodically infusing air with a flow rate of 4.7 μL min −1 through I1 ( figure 3(b) ). The air infusion was paused for 10 s between each infusion step of 10 Pa to balance the pressure in the channel. As a result, a small droplet of the fluid was segmented from the bulk fluid. It was found that for this device, a minimal air pressure of P 1 = P 0 + 390 Pa was needed to completely cut and begin to drive a droplet of ∼0.88 μL in the main channel.
In situ formation of liquid microlenses
With the increase in P 1 , the droplet arrived at junction J2 and split at J2. A small portion of the droplet was left in the channel from J2 to J3, while a larger portion of the droplet was further driven towards J4 (figure 3(c)). As discussed in [30] , the volume ratio of the smaller portion to the larger portion was proportional to the air pressure difference ratio (P 1 -P 2 )/(P 1 -P 0 ). Air infusion through AC1 was then paused and P 1 was maintained at ∼P 0 +900 Pa, and an air plug was infused through AC2 to increase P 2 to P 0 + 750 Pa, leaving 0.15 μL of water between J2 and J3 and forming a lens droplet. Air infusion through AC1 was then restarted and the split was completed after P 1 was increased to ∼P 0 + 930 Pa. The remaining droplet in the main channel was further driven by P 1 towards J4 ( figure 3(d) ). A similar splitting process occurred after P 1 was increased to ∼P 0 + 2020 Pa (figure 3(e)). P 3 was adjusted to P 0 + 1660 Pa so that 0.13 μL of water was left between J4 and J5, forming another lens droplet. To prevent the pressure differences between the two air-liquid interfaces of the droplet at J3 from exceeding the critical pressure difference (the pressure difference above which the droplet tends to be pushed to leave the junction; theoretical value: 219 Pa [31] , experimental value: 217 ± 4 Pa), P 12 = P 1 -P 2 was kept below 210 Pa, by air infusion through AC2 after each increasing step of P 1 . For the same reason, P 3 was increased immediately after splitting to P 0 + 1830Pa and P 13 was kept below 210Pa. Figure 3 ( f ) depicts the final stage of the formation process of the lenses. P 1 was about P 0 + 2180 Pa. The profile of each lens can also be tuned pneumatically, which will be discussed in the next section.
After the formation of the lenses, all the valves at the inlets and outlets were closed and thus the channel network was sealed. The chip with the microlenses could then be detached from the syringe pumps for storage or transfer. The shelf life of our microlenses device, using DI water as the lens liquid without refined air-tight package, is approximately one week before the volume of the lens droplets significantly decreases due to evaporation.
Individual tuning of the liquid microlenses
After the lens droplets were delivered to the lens channels (channels between J2 and J3, J4 and J5, etc), the shape of the microlenses can be tuned by adjusting the pressure difference across their air-liquid interfaces. As shown in figures 4(a), (b) and (c), one of the lens droplets was pinned at junction J4, forming a positive meniscus lens, since the pressure difference across its two surfaces remained at 132.3 Pa, and the curvature of the lens droplet was held still. Meanwhile, the air pressure difference across the two surfaces of the lens droplet in the left lens channel (between J2 and J3) was decreased from 216.6 (figure 4(a)) to 0.9 Pa (figure 4(b) by decreasing P 2 ; thus, the interface pinned at J2 changed its shape from convex to almost planar. Consequently, the focal length of the microlens in the left channel increased from 0.972 mm (calculated; see discussion in section 3.3) to almost infinity. Further decrease in the pressure difference caused P 1 to be larger than P 2 , and the lens droplet was pushed away from J2 and instead pinned at The relationship between the focal length of the microlenses and the pressure difference across the lens droplet interfaces is plotted in figure 5 . As expected, the focal length decreased rapidly with the increase in the pressure difference, as the increase in the pressure difference caused the decrease in the radius of curvature of a lens droplet. The focal length was approximately inversely proportional to the pressure difference, as indicated by the Young-Laplace equation (see section 3.2 for detail).
An important factor affecting the shape and the tuning of the microlenses is the contact angle of the droplet at different surfaces. The profiles of water droplets on glass, poly-IBA and cartridge treated by OTS as mentioned above were examined by a goniometer (OCA 5, Data Physics Instruments GmbH, Filderstadt, Germany) [30] , and the contact angles were all estimated to be 90
• . However, due to the hysteresis phenomenon of contact angles, this value was not absolute. There are also several non-ideal factors that affect the contact angle, such as the roughness of the channel surfaces and the quality/uniformity of the OTS monolayer on the surfaces. However, based on our observation and measurement by the goniometer, at the quasi-steady state, while only one interface was 'pinned' at a junction (such as the lenses in figures 4(b) and (c)), the contact angle of the droplet was within the range of 85
• -90
• . Thus, for simplicity, we will assume the contact angle of the water droplets on the surfaces to be 90
• in following experiments and simulations.
The shape of the liquid-air interface of a lens droplet, which is pinned at a junction of a lens channel, is determined by the Young-Laplace equation (see section 3.2). Meanwhile, theoretically, the shape of the other 'unpinned' liquid-air interface depends on the static contact angle of the liquid on the channel material under homogeneous pneumatic pressure [30, 31] . This can be confirmed by a 2D computation fluidic dynamic simulation, discussed in section 3.1. However, situations were more complicated in the 3D experimental case. Since the tuning process was transient, the flow rate and the pneumatic pressure were not always homogeneous. The hydraulic pressure in the droplet was also largely uneven either. Thus, the shape of the other liquid-air interface, which was supposed to be flat, could be distorted during the pneumatic tuning process. As a result, instead of planoconvex microlenses, positive meniscus lenses were sometimes obtained. More analysis and experiments are needed to determine the condition needed to form plano-convex lenses and positive meniscus lenses.
Removal and reformation of the microlenses
One of the unique properties of the fabrication process and control scheme of our lenses was that the lenses can be removed individually and on demand. As shown in figures 6(a)-(c), keeping P 1 and P 3 unchanged while increasing P 2 , the lens pinned at J2 was gradually pushed out after the pressure difference P 21 exceeded the critical pressure (219 Pa), and was eventually removed from the junction. Meanwhile, the other lens at J4 was unaffected.
Another notable feature of our microlenses is that it provides a simple yet controllable way to remove all lenses in the microchannel network on demand. This was achieved by decreasing the pressure P 1 in AC1, while adjusting the pressure in other ACs. As shown in figures 6(d)-( f ), P 1 was decreased from ∼P 0 + 1950 Pa to ∼ P 0 + 870 Pa and then to ∼ P 0 + 20 Pa in steps of ∼10 Pa each, by withdrawing the air in AC1 at a rate of 4.7 μL min −1
. The syringe pump was paused for 10 s between each step of withdrawal so as to keep the liquid quasi-stationary. When the droplet was moving along J4, P 3 was kept larger than P 1 to ensure that no liquid was left in the lens channels. Similarly, P 2 was kept larger than P 1 when the droplet was moving along J2. At the end of the withdrawal process, both microlens droplets were removed from the lens channels. This removal of the microlenses is complete as it would not leave any residual liquid except in the main channel, and thus did not require a subsequent cleaning process, which might introduce complexity to the air tightness of the system.
We then re-formed two lenses with a similar process as described in section 2.4. This time we adjusted P 2 and P 3 so that the liquid volume left in the lens channels was ∼0.16 μL. The whole process was shown in figures 6(g)-(i).
Characterizations and simulations
Tuning of the microlens profiles
To investigate the relationship between the shape of the pinned microlens and the pressure difference across the interfaces of the lens droplet, a computation fluidic dynamic (CFD) simulation was performed with ANSYS Fluent R (version 12.0, ANSYS, Inc., Canonsburg, PA, USA). Instead of simply evaluating the shape of one interface of the droplet using Young-Laplace equation, to accurately relate the pressure distribution inside the whole channel with the shape of the microlens from the top view, the simulation was performed as a transient analysis using a volume of fraction (VOF) model. To simplify the problem, the simulation was performed in 2D and the results are shown in figure 7 . Consistent with the real case, a channel network with two air conduits (width: 1mm) and a lens channel (width: 0.75 mm) in between was defined, and one of the air conduits had an inlet while the other had an outlet. The interacting liquid phases in this simulation were water and air, and the surface tension between them was set to be 75.64 dyn cm . The contact angle between water and the channel walls was set to be 90
• . At time instant 0, a droplet (0.1875 μL) was set to reside in the lens channel, and an air flow with a velocity of 0.0003 m s −1 (corresponding to a volume velocity of 4.7 μL min ) was injected into the network through the inlet, while the pressure at the outlet was kept at 1 atm during the whole simulation process. Figures 7(a) and (b) depict the lens shape and the pressure distribution in the channel after 10 ms of injection, where the surfaces were yet to change owing to the small pressure difference (only around 3 Pa). However, with the accumulation of the air in the inlet, the pressure in the air conduit with the inlet increased, pushing the lens droplet out of the lens channel. Combined with the pinning effect at the junction, the droplet protruded out and presented a convex lens. Figures 7(c) and (d) demonstrated this phenomenon. When the pressure difference approached 90 Pa after 2.4s of injection, the radius of curvature of the lens was approaching 0.92 mm (calculated from the profile of the liquid interface). After 6 s of injection, the pressure difference reached 190 Pa and the radius of curvature of the lens further decreased. According to figures 7(b), (d) and ( f ), the inner pressure of the droplet was increasing with the accumulation of the air, and the pressure difference across the 'unpinned' liquid-air interface was very small. The inner pressure of the droplet experienced a slow decrease from the 'unpinned' interface to the 'pinned' interface, while the liquid-air pressure decreased abruptly across the 'pinned' interface, as expected. The region with the largest pressure (pointed by arrows) appeared at the pinned edge of the droplet. Then, the air injection was stopped (air flow rate was set to 0), and after 800 ms, the shape of the droplet stopped changing, and we can consider that the quasi-steady state of the droplet was achieved. However, in the experiment where it is 3D in nature, according to our observation, it took much longer (10 s or more) for the droplet to experience small shape transitions and reach its quasi-steady state. Note that since the simulation uses a VOF model, the colorful boundary between water and air indicates the rapid change in the volume fractions of the two phases at the interface. Also note that the simulation was transient. Hence, figures 7(b), (d) and ( f ) show a transient pressure distribution, which is not homogeneous, and, as a result, the surfaces of the water droplet do not appear as smooth as those in the static state.
Effect of gravity
At the micro scale, gravity is generally dominated by surface tension and thus the shape of an air-liquid interface of a microlens droplet is determined by Young-Laplace equation [36] :
where P is the pressure drop across the interface, γ is the liquid-surface free energy, and R 1 and R 2 are the principal radii of curvature of the interface. R 1 corresponds to the 'top view' of the air-liquid interface of a lens droplet, while R 2 corresponds to the 'cross-section view' along the optical axis of the lens droplet. Ignoring the effect of gravity and assuming fixed height of the channel, R 2 is inversely proportional to the contact angle of the liquid on the substrate (in our case, 90
• ). Thus, 1/R 2 equals to 0 and R 1 has a simple relationship with P:
Equation (2) is only valid if the effect of gravity can be ignored. If gravity effect is comparable to the surface tension and pressure difference, R 2 cannot be considered to be solely dependent on the contact angle at the liquidsubstrate interface. A simulation using Surface Evolver (version 2.50, free software developed by Ken Brakke, Susquehanna University, Selinsgrove, PA, USA, available from http://www.susqu.edu/brakke/evolverevolver.html) is used to elucidate this effect and the results are shown in figure 8 . We focused on examining the relationship between the heights of the droplets and the shapes of the free surfaces of the lens, when gravity is taken into account.
To adapt to the algorithm used by Surface Evolver, the problem was simplified to determine the shape of a free surface by the principle of minimum energy, considering the effect of gravity and other boundary conditions and constraints. To this end, a lens droplet in a lens channel with 1/3 of its volume protruding out of the channel and pinned at the junction was considered. The surfaces of the droplet inside the channel (confined in the framework of the solid red lines in figure 8(a) ) were set to be stationary in all three dimensions, while the displacement degrees of freedom of the surface of the lens protruding out of the junction (depicted by the framework of the spotted red lines) were not confined. The contact angle between the liquid and the inner channel surface was set to be 90
• , the density of the liquid was set to be 1 kg m −3 , and the gravity was set to be 9.81 m s −2 . Here, gravity was the only parameter of interest; thus, the pressure within the liquid lens body and the pressure difference across the surfaces were not considered as constraints. The free surface evolved from a cuboid to the ultimate surface with the minimal free energy, as shown in figure 8 . Comparing figures 8(a) and (c), gravity effect can be neglected when the height of the lens droplet is low (0.5 mm in figure 8(a) ), and 1/R 2 can be considered as 0. When the droplet height increases (figures 8(b) and (c)), under the gravity effect, the shape of the free surface is distorted and cannot be considered as perpendicular to the substrate, which affects the optical property of the liquid lens. Observing the shapes of the free surfaces of lenses with different heights, an empirical threshold of the height of the microlens was determined to be 0.73 mm to avoid distortion. At this height, the maximum deviation from the vertical line on the principal plane was estimated to be 0.01 mm; thus, R 2 can be estimated to be 6.67 mm. Similarly, R 2 approached 6.02 mm when the height of the droplet approached 1.20 mm.
Optical characterization
To investigate the optical properties of our lenses, a ray-tracing simulation was carried out using Zemax R (Radiat Zemax, Redmond, WA, USA). The results for two lenses are shown in figure 9 as examples. The profiles and dimensions of the lenses were measured from the fabricated lenses, and parameters such as radii of curvature of the interfaces were fitted from the obtained profiles. Here we focused on convex lenses. Two types of convex lenses were found in our microlenses assemblies: (1) positive meniscus lenses with one convex and one concave surfaces, with the radius of curvature of the convex surface being smaller than that of the concave surface; (2) plano-convex lenses with one convex surface and one planar surface. Figures 9(a) and (b) show the ray-tracing diagram and spot diagram of one positive meniscus lens, whose profile matches the lens at J4 in figure 4(c) . The lens had a radius of curvature of 0.569 mm for the convex surface, a radius of curvature of −0.975 mm for the concave surface, and a thickness of 0.524 mm. Therefore, it had a focal length of 3.52 mm and a lateral aberration of 0.55 mm. For the planoconvex lens at J3 in figure 4(c), its focal length was simulated to be 1.631 mm and the lateral aberration to be 0.4 mm.
Enhancing fluorescence emission in a microfluidic channel using lateral tunable liquid microlenses
It is a prevailing method to utilize fluorescence signals in LoC applications [8, 37, 38] . Conventionally, LoC chips containing the fluorescent materials, the stimulating light source and the fluorescence detection equipments are arranged in different vertical physical layers. However, this layout, as discussed before, may consume large spaces and introduce complexities in the miniaturization and integration. This problem can be alleviated if the stimulating light can be introduced from the lateral direction. However, the loss due to the sidewalls of the microfluidic channels or the mismatch in the coupling of optical fibers might greatly attenuate the stimulation light, thus affecting the feasibility of this design. By re-focusing the diffused/scattered light beam, our microlenses, however, provide an effective and controllable way to compensate for the attenuated stimulating light and to enhance the fluorescence emission.
To demonstrate this, an experiment of enhancing the fluorescence signal using our microlenses was performed (figure 10). The channel network to form the microlenses and a detection channel filled with fluorescein sodium salt solution (10 μM in DI water) were integrated on the same glass slide. Two microlenses (figure 10, left corner) were formed through the process described in section 2.3. A blue laser (Laserglow Inc., Toronto, Canada, tunable intensity from 0∼30 mW, spot size: ∼ 1 mm) was used as the stimulating light source. The light beam was introduced into the microfluidic chip from a lateral direction. The laser beam was expanded with a 4 × beam expander (Newport, Irvine, CA, USA), and partially blocked by a shutter in the middle, in order to produce two laser beams with a width of ∼1 mm to provide the light simultaneously to both microlenses. The beams (intensity before entering the chip: ∼1.2 mW) passed through a layer of poly(IBA) sidewall and were focused into the detection channel by the microlenses. The fluorescent image was taken by a fluorescence microscopy camera (SMZ1500 with fluorescence module, Nikon, Melville, NY, USA). Due to the loss along the optical path in the detection channel, strength of the fluorescence signal would decrease rapidly. As a result, only a small zone close to the incoming light (labeled as 'fluorescence zone 1' in figure 10) exhibited visible fluorescence response without a lens or with a lens with a focal length of infinity ( figure 11(a) ). However, with the focusing power of the microlenses, the area of the zone with visible fluorescence responses was enlarged and showed a stronger fluorescence emission, and the regions near the focused points of the microlenses (labeled as 'fluorescence zone 2' in figure 10, whose positions were adjustable) also showed visible fluorescence responses. By pneumatically adjusting the pressure difference across the interfaces of the lens droplets, thus changing the focal length of the microlenses, the area and intensity of the fluorescence zones could be controlled, as shown in figures 11(b) and (c) . The focal length of the two lenses were tuned to approach infinity at first ( figure 11(a) ), then to 16.7 mm ( figure 11(b) ), and then to 6.9 mm and 8.1 mm, respectively ( figure 11(c) ). The corresponding maximum fluorescence emission (described by the local luminance in the image) in fluorescence zone 1s was increased from 68 ( figure 11(d) ) to 121 ( figure 11(e) ), then to 161 ( figure 11(c) ), indicating the enhancement of fluorescence signal. The fluorescence zone 2 of each microlens could be moved separately (comparing figures 11 (b) and (c)) by individually tuning the focal length of the microlenses. In doing so, the detection channel can be scanned along the optical axes of the microlenses, which could give a more detailed information about the distribution of the fluorescencelabeled analytes in the channel.
Fluorescence zone 1 of one microlens was observed under a high magnification to study the relationship between the focal length of the microlenses and the properties of fluorescence zone 1 ( figure 12 ). To provide a more comprehensive view, parts of the lens channel and the lens droplet were also included in the images (the lens facet was depicted by the blue stimulating light scattered at the air-liquid interface). When there was no lens, or when the liquid lens had a focal length approaching infinity, only a small region (0.014 mm 2 in area, calculated from the fluorescence image, through the measurement module of ImageJ (open source software developed at National Institutes of Health, available at http://rsbweb.nih.gov/ij/), by estimating the ratio between a pixel and the area of real space, and then counting the pixels with an image luminance larger than 10) near the detection channel sidewall showed visible fluorescence response ( figure 12(a) ). Figure 12(b) shows the situation when the focal length was decreased to 18.7 mm, and the resultant area of the fluorescence zone 1 was increased to 0.097 mm 2 . When the focal length was further decreased to 3.5 mm ( figure 12(c) ), the area of fluorescence zone 1 was increased to 0.181 mm 2 , which was 13 times larger than that without a convex microlens. Considering a 0.3 mm × 0.3 mm region near the sidewall of the detection channel (pink square 'R' in figure 12 ), without microlenses, fluorescence-labeled analytes inside this region could not be examined due to insufficient stimulating light. However, with the focusing of a tunable liquid microlens with a focal length of 3.5 mm, most of the analytes inside R can be stimulated by the blue light. Taking a point 'A' at the right corner of 'R' as an example, fluorescence signal strength at A was increased from 4 to 61 then to 152, increased by 38 times, with the decrease in the microlens focal length.
Conclusion
We have demonstrated lateral tunable liquid microlenses in situ formed in microchannel networks through pneumatic control. An optimized fabrication process was developed, and two microlenses were formed through pneumatic control. By adjusting the pressure differences across the interfaces of the microlens droplets, the lenses in the assembly can be individually tuned in focal length, removed, and re-formed on demand. Through simulation, the relationships between the profile/shape of the fabricated microlenses and factors such as pressure and gravity were examined. The optical properties of the lenses were also examined through a ray-tracing simulation. The potential applications of our microlenses in lab-on-a-chip applications were also demonstrated by using it to enhance the fluorescence emission in an integrated detection channel. By tuning the focal length of our microlenses, the area of the fluorescence zones can be greatly enlarged (by 13 times), and the fluorescence signal can be effectively enhanced (by up to 38 times).
Future works include the optimization of the microlenses design and extending its applications. We will first integrate more microlenses into a single array and evaluate the limit in the number of microlenses in such an array. Secondly, we will integrate multiple liquid microlenses in one lens channel, which aligns the microlenses into a 2D array for more flexibility. Thirdly, more investigation will be carried out to determine when a pinned droplet will form a positive meniscus lens and when it will form a plano-convex lens. Then, we will also design and conduct more experiments to experimentally characterize the optical properties, such as the spherical aberration and coma of the microlenses, analyze the results, and compare them to the simulation results. Further, we will realize tracking of fluorescent particles in a microfluidic channel with the 2D-scanning capability of our microlenses.
